Amphioxus, a cephalochordate, is an ideal animal to address the questions about the evolution of regenerative ability and mechanisms behind the invertebrate to vertebrate transition in chordates. However, the cellular and molecular basis of tail regeneration in amphioxus remains largely ill-defined. We confirmed that the tail regeneration of amphioxus Branchiostoma japonicum is a vertebrate-like epimorphosis process. We performed transcriptome analysis of the tail regenerates, which provided many clues for exploring the mechanism of tail regeneration. Importantly, we showed that BMP2/4 and its related signaling are essential for the process of tail regeneration, revealing an evolutionarily conserved genetic regulatory system involved in regeneration in many metazoans. We serendipitously discovered that, bmp2/4 expression is immediately inducible by general wounds and that the expression of bmp2/4 can be regarded as a biomarker of wounds in amphioxus. Collectively, our results provide a framework for understanding the evolution and diversity of cellular and molecular events of tail regeneration in vertebrates.
INTRODUCTION
Regeneration is the ability to reproduce a missing part of the body, which is widely observed in metazoans. Usually, regeneration comprises two modes: one is morphallaxis, which is involved in a dramatic redeployment of existing cells in the absence of active cell proliferation, and the second one is epimorphosis, which is involved in cell proliferation and the formation of a typical blastema (Tanaka and Reddien, 2011; Li et al., 2015) . It has been clear that regeneration varies substantially from invertebrates to vertebrates (Dinsmore, 1991; Li et al., 2015) . Some animals show a remarkable ability to regenerate, in which an entire individual can be regenerated from a small body fragment, such as hydra, planaria and starfish, while other animals have largely or completely lost the ability to regenerate, such as birds, nematodes and leeches (Bely and Nyberg, 2011; Goss, 1969; Vorontsova and Liosner, 1960) . Regeneration can vary even among the parts of the same organism. For instance, many annelid worms can regenerate a tail but not a head (Bely, 2006) . Uncovering the molecular mechanisms of regeneration and their evolutionary variations is one of the most important challenges in modern biology. However, our knowledge as such is rather limited and incomplete to date.
Amphioxus, a cephalochordate, is the most basal living chordate, and shares many anatomical, developmental and genomic, but simpler similarities to vertebrates. Thus, it is an ideal animal to address questions about the evolution of regenerative ability and mechanisms in chordates from the invertebrate to vertebrate transition. In fact, amphioxus has long been used to study regeneration, and the history of studies on regeneration of amphioxus has been well reviewed (Somorjai, 2017) . It was initially reported to possess a generally poor potential to replace lost body parts (Biberhofer, 1906; Probst, 1930) but was later shown to have a remarkably high capacity to regenerate tail and oral cirri after amputation (Somorjai et al., 2012a ; Kaneto and Wada, However, the cellular and molecular basis of tail regeneration in amphioxus is still not well defined. Therefore, the present study focused on exploring the answers to these questions.
RESULTS

The regeneration of amphioxus is a vertebrate-like epimorphic process
Pilot experiments showed that 75 out of 100 amphioxus with a body length less than 1.5 cm (1 year old) survived and formed the blastema at 5 to 7 days after tail amputation; 93 out of 100 amphioxus with a body length ranging from 2.5 to 3.3 cm (2 years old) survived and formed the blastema at 12 to 15 days after tail amputation; and all 100 amphioxus with a body length greater than 4 cm (more than 3 years old) survived, but only 54 animals formed the blastema at 20 days after tail amputation. This result was in accordance with the general notion, observed in other regenerative species, that young animals tend to possess a stronger capacity for regeneration than do old ones. To avoid the experimental discrepancy caused by the different animal sizes, we thus selected animals with a body length of approximately 3 cm for this study.
To detail the tail regeneration process, both morphological observation and histological analysis were performed during the regeneration process. After amputation, the injury went through a complex period of changes in the pre-existing tissues and the healing process was slightly different from that of European amphioxus Branchiostoma. lanceolatum and that of the limb regeneration of the urodele. In adult amphioxus B. lanceolatum, it takes approximately 1-2 days to fulfill this process (Somorjai, et al., 2012a) . In the adult newt, immediately after amputation, the epidermal cells from the circumference of the stump migrated to cover the wound site, and this wound-healing phase was completed within 24 h (Repesh and Oberpriller, 1978) . In contrast, in amphioxus B. japonicum, the wound surface was not completely covered by the epithelial cell layer until 10 days after amputation ( Fig. 1A -C,I,J). At 12 to 15 days, the blastema protruded with a smooth outer contour, which consisted of cells such as mesenchymal cells (Fig.1D,K) . With growth of the blastema in the following days, newly formed tissues such as the notochord, neural tube and muscles, appeared ( To test cell apoptosis during regeneration, we performed a TUNEL assay on the wound healing and blastemal stages. The assay revealed that at the wound healing stage, cell apoptosis robustly occurred near the wound site as well as in the epithelium ( Fig.   2A,B) . In contrast, at the blastemal stage, less cell death was detected (Fig. 2C,D) . This result showed that cell apoptosis mainly occurred at the wound healing stage.
To test if the blastemal cells in the tail regenerates of amphioxus are under active cell division, BrdU labeling on the tail regenerates at the blastemal stage was conducted. It was found that the cells within the blastema were actively dividing, which was similar to that of vertebrate epimorphosis regeneration ( Fig. 2E,F ). Collectively, all the above data indicated that the tail regeneration of amphioxus B. japonicum was a vertebratelike epimorphic process, as observed in amphioxus B. lanceolatum (Somorjai et al., 2012a) .
De novo assembly of amphioxus transcriptome and gene annotation
To systematically explore the molecular mechanism underlying the tail regeneration process, we carried out transcriptome analysis of the tail regenerates at different stages ( Fig. 3 ), using intact tails as controls.
After RNA sequencing, the low-quality raw sequences were removed through a strict evaluation, and the remaining short reads were assembled in a de novo process using Trinity software. In total, we obtained 101,406 expressed genes. The N50 was 1222 bases long, and the maximum length was 31338 bases and the minimum length was 300 bases, with an average length of 892 bases. The data sets are available at the NCBI Short Read Archive (SRA) with the accession number SRP128957.
For basic annotation of the assembled unigenes, sequence similarity searches against various protein databases were performed with an E-value threshold of 10 −5 . It revealed that 47876, 32363, 27380 and 24609 unigenes had significant similarities to known genes or proteins in the Nr, SwissProt, KOG and KEGG databases, respectively ( Fig.   S1A ). There were still 54255 unigenes that could not be matched to already known Development • Accepted manuscript genes, which may be partly caused by the presence of relatively short sequences (28989 unigenes are 300~399 bp long; 28.18%). Therefore, among 102868 unigenes, 48613 (47.26%) unigenes were successfully annotated.
It is well known that transcription factors (TF) play crucial roles in various biological processes, such as embryonic development and tissue regeneration. We aligned the protein sequences predicted from the unigenes to the TF database (plant TFdb/animal TFdb) and found that 1370 genes were assigned into 69 TF families, and top 10 numbers of the unigenes belonged to zf-C2H2, Homeobox, bHLH, HMG, TF_bZIP, MYB, THAP, Fork head and THR-like families (Table S1, Fig. S1B ). These annotations provided a valuable and rich resource for investigating specific processes, functions, and pathways in amphioxus tail regeneration research.
Analysis of differentially-expressed genes (DEGs)
RPKM values were used to indicate gene expression levels. The expression correlations of genes (Pearson correlations) showed similarities between each sample. The Pearson correlations between the two samples of the same regeneration stage were close to 1 (from 0.9617 to 0.9967), while they were much lower between the two samples from different regeneration stages ( Fig. S2 ). This result suggested there was excellent experimental reproducibility between two replicates of the same stage.
To investigate the implicated genes at the specific regenerative stages of tail regeneration, the expression levels of genes among different groups were compared. It was found that dramatic variation in the numbers of DEGs existed among the different groups ( Fig. S3 , Table S2 -S5). For example, when compared with that in intact tails, at the early wound healing stage (at 14 hpa), 5320 genes were up-regulated and 13786 were down-regulated ( Fig. S3A,B ). In contrast, only relatively few DEGs were found between the two groups, which represent two adjacent stages, such as the minimum number of DEGs observed between 15-day and 25-day groups (Fig. S3A,B ).
To better understand the function of DEGs involved in different regeneration stages, we subjected the DEGs between two stages to GO and KEEG analysis. Generally, it was shown that DEGs were enriched in many biological processes and signaling Development • Accepted manuscript pathways, reflecting a high complexity of the molecular mechanism underlying the regeneration process.
Compared to those for the intact tail, the up-regulated DEGs at the early wound healing stage (14 hpa), were significantly enriched in 65 biological processes (P value <0.05) such as wound healing (GO:0042060), the response to wounding (GO:0009611), extracellular structure organization (GO:0043062), tissue homeostasis (GO:0001894), the regulation of responses to external stimuli (GO:0032101), the response to stress (GO:0006950), the cellular response to cytokine stimulus (GO:0071345), multicellular organismal process (GO:0032501), vasculature development (GO:0001944) and so on (Table S6) . Interestingly, in comparison to the intact tail, the up-regulated DEGs at 5 days post-amputation (late wound healing stage) were remarkably enriched in 28 items, of which 10 items related to defending organism against external assaults, i.e., endocytosis (GO:0006897), response to other organism (GO:0051707), response to bacterium (GO:0009617), immune system process (GO:0002376), response to external biotic stimulus (GO:0043207), response to biotic stimulus (GO:0009607), response to fungus (GO:0009620), defense response to bacterium (GO:0042742), defense response (GO:0006952), and defense response to other organisms (GO:0098542-) (Table S7 ).
Fig. 4A and Table S8 show the expression level of DEGs enriched in GO Biological
Process terms related to wound healing and the defense response. It was found that most genes involved in the two processes showed the lowest expression levels in the intact tails, but the highest expression levels in the tail regenerates at 14 hpa (early wound healing stage) and medium expression levels in the tail regenerates at 5 dpa (late wound healing stage). This tendency of the gene expression suggested that these genes played critical roles in the wound healing process. It was also interesting to note that 7 of the up-regulated genes were assigned to the metabolic process of reactive oxygen species (GO:0072593) ( Fig. 4A , Table S8 ). This showed that reactive oxygen species (ROS) might play a role during the tail regeneration of amphioxus, providing additional support to the recent observation that Xenopus tadpole tail amputation induced the production of ROS (Love et al., 2013) .
Compared to those for the intact tail, the up-regulated genes at the blastemal stage Development • Accepted manuscript (15 dpa) were considerably classified into 19 items, two of which were cell-cycling related, the cell cycle (GO:0007049) and the regulation of cell cycle (GO:0051726) (Table S9) , while the up-regulated genes at 25 dpa were markedly enriched in 24 items of the biological process, three of which were circulatory system process (GO:0003013), multicellular organismal process (GO:0032501) and multicellular organismal homeostasis (GO:0048871) (Table S10 ). In Fig. 4B and Table S11 , all 75 genes showed a high percentage of enrichment in GO Biological Process terms related to cell cycles.
Compared to that for the intact tail, the expression level of most genes related to cell cycles were highly up-regulated in the tail regenerates at the blastemal stages (15 dpa and 25 dpa), of which the genes at the highest expression levels were concentrated at the blastemal stage of 15 dpa (Fig. 4B ). This suggested that cell proliferation was active at the blastemal stages. The expression patterns of the genes also corroborated the results of BrdU labeling assays for cell proliferation in tail regeneration ( Fig.2E,F ). KEGG analysis revealed that, compared to those for the intact tail, the up-regulated genes in the regenerative stages were enriched in many well-known signaling pathways that function in the development and regeneration process. They included Wnt, Hedgehog, Jak-STAT, Notch, NOD-like receptor, hippo signaling and so on ( Fig. S4A -D, Table S12-S15). Of these signaling pathways, hippo signaling was recently proven to be implicated in regeneration, and Yap (the effector of the Hippo signaling cascade) is required for limb bud and tail regeneration in xenopus tadpole (Hayashi et al, 2014a, b) . We further verified the expression patterns of yap during the tail regeneration process in amphioxus by RNA situ hybridization. It was shown that yap is mainly expressed at the wound healing stage in wound regions ( Fig. S5A,B) , and its expression is very weak at the blastema stage ( Fig. S5C ).
bmp2/4 expression in wound sites at the wound healing stage and inducible by wounds
Of this information regarding the gene expression during regeneration, bmp2/4 and other key genes of the BMP signaling pathway, including receptorI, receptorII, smad1
and smad4, were found to be involved in the regeneration process of the amphioxus tail.
BMP signaling is one of evolutionarily conserved signaling pathways involved in the development and regeneration process (Slack, 2017) . In European amphioxus, it was proposed that this signaling is involved in its tail regeneration, based on the finding that msx (a target gene of BMP signaling) is expressed during its tail regeneration process (Somorjai et al., 2012a) . Whether the BMP signaling plays important roles or not in the regeneration of amphioxus particularly interested us.
To understand the roles of bmp2/4 during the regeneration, its expression pattern was first examined systematically at different regeneration stages. It was evident that bmp2/4 is specifically expressed in muscle cells in the wound sites at the wound healing stage ( Fig. 5A ,B,E), but only very low expression signals were detected in the blastema cells at the blastemal stage ( Fig. 5C,F ). This expression pattern change was also confirmed by qPCR, which revealed that bmp2/4 was highly expressed at the wound healing stage, but its expression levels decreased dramatically when the regeneration entered the blastemal stage ( Fig. 5G ).
To test if BMP2/4, as a secreted protein, was also located in the wound region at the early regeneration stage, BMP2/4 was expressed in E. coli cells and purified (Fig. S6 ).
The purified protein was used to prepare the antibody. The polyclonal antibody against BMP2/4 was then used to conduct immunohistochemical staining. It was found that that BMP2/4 was mainly distributed in the muscle and neural tube cells in the wound region at wound healing stage ( Fig. 5H ), providing additional support to the finding that bmp2/4 was specifically expressed in wound sites at wound healing stage.
We then tested if the expression of bmp2/4 was inducible by common wounds. For this purpose, transverse amputation and other injuries such as hole puncture and scratching were also induced, and the expression of bmp2/4 was examined with in situ hybridization at different time points after wounding (0-8 h). It was found that bmp2/4 was expressed in the wound sites and the regions near the wounds in all cases ( Fig. 5I -K,M-O), suggesting that bmp2/4 expression could be induced by wounds.
BMP2/4 knockdown impaired tail regeneration and increased cell apoptosis
We next designed the antisense Morpholino (MO) of BMP2/4 and knocked down its expression by microinjection of the MO into the wound region of freshly amputated animals. Western blot uncovered that the MO effectively knocked down the target gene expression in vivo (Fig. 6H ). After the inhibition of BMP2/4, the major phenotype is that the wound regions of all the tails (40) were jagged, did not heal and decayed eventually ( Fig. 6E-G) . Conversely, most control animals that were given control MO passed the wound healing stage (34 out of 40) and successfully produced blastema ( Fig.   6A -D). This suggested that BMP2/4 is required for the wound healing after amputation, and therefore the BMP2/4 knockdown impaired the tail regeneration.
To gain insight into the mechanism of function of BMP2/4 during regeneration, we investigated if BMP2/4 regulated cell apoptosis at the early regeneration stage. Cell apoptosis between the control and the gene knockdown groups was compared. It was clear that BMP2/4 knockdown resulted in an increase of muscle and notochord cells undergoing apoptosis (Fig. 6I,J) and the average number of the positive muscle and notochord cells was 115 per section (estimated from 4 sections). In the control section, this number was 14 (estimated from 4 sections). This suggested that the overall cell death was a possible reason for the failure of tail regeneration after BMP2/4 knockdown.
To test whether BMP2/4 play roles during the tail regeneration after wound healing, although it is expressed weakly at blastema stage, we also knocked down its expression by microinjection of the MO into the early formed blastema of the 13-days-postamputated amphioxus. The prominent phenotype is that, compared to the controls (Fig.   S7A-C) , the blastema of all the animals (14) grew toward the ventral side of their body (Fig. S7E ). This suggested that BMP2/4 is necessary for the patterning of blastema growth. However, after then, their ventrally folded blastema became normal as control animals in some degree (Fig. S7F) , which may be due to the transient effect of the MO and their strong ability of self-regulation during regeneration.
Development • Accepted manuscript
BMP signaling is involved in tail regeneration
Although the expressions of other BMP signaling pathway genes were found in transcriptome analysis, we still cannot draw the conclusion that BMP signaling was involved in the regeneration process. To clarify this, the expression patterns of the other related genes such as receptorI, receptorII, smad1 and smad4, in addition to bmp2/4, were detected by in situ hybridization during the regeneration process. It was evident that at the wound healing stage, all the genes examined showed spatial expression patterns similar to those of bmp2/4 ( Fig. S8A-P) . The overlapping expression sites rejected the beads into water, and the remaining beads were kept in the tissues near the wound region at 6 days after implantation. Among these animals, most of their tails (43 of 46) became decayed, and few had remaining tails ( Fig. 7D-F) . In contrast, most of control animals (45 out of 60) formed blastema similar to the process of normal regeneration ( Fig. 7A-C) . Therefore, when BMP signaling was blocked, the animals were unable to pass through the wound healing stage and failed to form blastema ( Fig.   7D -F). This indicated that BMP signaling is required for tail regeneration.
DISCUSSION
Regeneration exists widely and non-uniformly across the Metazoa, but the view that regeneration is ancestral trait is still a hypothesis (Slack, 2017). The cephalochordate amphioxus, the most basal living chordate, provides an opportunity to explore evolution of regenerative mechanisms in chordates from the invertebrate to vertebrate transition.
However, many questions regarding tail regeneration in amphioxus are still unclear.
Previous studies of tail regeneration in European amphioxus showed that amphioxus tail regeneration can proceed an epimorphic process, which is similar to vertebrates, based on the fact that the regeneration accomplished via the newly formed bulb-like blastema from the stump after amputation (Somorjai et al., 2012a) . In contrast, it was Development • Accepted manuscript claimed that the cirri regeneration in Asian amphioxus is "morphallaxis", as no active cell proliferation was detected during the regeneration process (Kaneto and Wada, 2011) . Our study clearly demonstrated that the tail regeneration in amphioxus B. japonicum is an epimorphosis process similar to that in vertebrates and showed that active cell proliferation was evident during the tail regeneration process (Fig. 2F ).
In this study, it was also observed that there is a clear difference between the wound healing processes of tail regeneration in amphioxus B. japonicum and vertebrate limb or tail regeneration. In amphibians, after limb or tail amputation, the wound surface is covered very quickly by the migrated epithelial cells, usually within 24 h or even 5 h post amputation (Repesh and Oberpriller, 1978) . In zebra fish, upon caudal fin amputation, epidermis cover the wound and repairs it rapidly within several hours (Li et al., 2015) . In comparison, the wound healing process of tail amputation in amphioxus B. japonicum is relatively longer, and the wound site remains unclosed or uncovered more than one week. Unexpectedly, our observation is also different from that in European amphioxus, which can close the wound within 1-2 days after amputation (Somorjai et al., 2012a). However, this is an interesting phenomenon in which the amputated animals are seldom infected by pathogens during the long healing process.
De novo transcriptome analyses of intact tail and tail regenerates at different stages and the identification of a batch of differentiated expressed genes (DEGs) between different tissues reveal that a large number of these DEGs are related to transcription factors, signaling pathways and various biological processes, some of which are deeply implicated in the developmental process. This provides many clues to exploring the cellular and molecular events which occur during the regeneration process. When comparing the gene expression levels of the intact tails to that of tail regenerates at the wound healing stage, it was observed that a large number of highly up-regulated genes are grouped into immune responses, defense, and wound healing process. This explains how amphioxus can protect themselves from infection by pathogens when undergoing long periods of wound healing process.
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Currently, there is no functional study of genes in the regeneration process in amphioxus. In this study, for the first time, we successfully knocked down the expression of BMP2/4 via vivo-morpholino and blocked BMP signaling by grafting Noggin-soaked beads. We found that BMP2/4 and its related signaling are essential for the process of tail regeneration. The involvement and indispensable role of BMPs or BMP signaling in regeneration appear conserved across metazoans. In planarians, the bmp2/4-like gene and smad4-like gene are necessary for lateral regeneration (Reddien et al., 2007) . Similarly, in fish, BMP signaling pathway is required for caudal fin regeneration, and the ectopic expression of the BMP signaling inhibitor Chordin can perturb the normal regeneration process (Smith et al., 2006; Thorimbert et al., 2015; Rajaram et al., 2017) . In amphibians, BMP is involved in both tail and limb regeneration (Beck et al., 2006) . Moreover, in mammals such as mice, it has been found that the BMP signaling pathway is indispensable for digit regeneration (Han et al., 2008) , and the function of BMP signaling in regeneration is further highlighted by the fact that exogenous BMP2 or BMP7 carried by gel beads can induce digit regeneration from non-regenerating proximal amputation (Yu et al., 2010) .
In addition to being expressed instantly after amputation, we also found an interesting feature about bmp2/4 expression in amphioxus, that is, bmp2/4 expression is inducible by general wounds. In crinoid Antedon bifida, a similar species, Anbmp2/4, a vertebrate bmp2/4 homologue, is involved in arm regeneration. Compared to bmp2/4 expression in amphioxus, Anbmp2/4 is also expressed at early regeneration stage (repair phase), but its expression signals are not detectable less than 24 h after amputation (Patruno et al., 2003) . This finding suggests that bmp2/4 can be regarded as a biomarker of wounds in amphioxus.
The more novel findings in this study are that bmp2/4 is immediately induced by wound and that BMP signaling is required for wound healing after amputation. While in epimorphic regeneration of other species, the roles of BMP signaling are mainly related to cell proliferation (Ricci and Srivastava, 2018; Wagner et al., 2017) . It is noticeable that in European amphioxus, msx (target gene of BMP signaling) is Development • Accepted manuscript expressed in the mesenchyme of the blastema (Somorjai et al., 2012a) , combining the expression patterns of BMP signaling genes during tail regeneration of B. japonicum shown by us ( Figs 5C,F,S8 ), suggesting that, at the blastema stage, BMP signaling may play roles at blastema stage. One role of BMP2/4 at blastema stage was found by us that it regulates the patterning of blastema growth, still the underlining mechanism need to be addressed.
The cellular basis of tail regeneration in amphioxus is still not well defined. Here, we show that two basic aspects of cellular events, cell apoptosis and cell proliferation, are involved in the tail regeneration of amphioxus, resembling vertebrate regeneration.
However, the cell origin of blastema in amphioxus tail regeneration remains elusive. In limb regeneration in salamanders, blastemal cells are heterogeneously derived from satellite cells and cells dedifferentiated from various cells in stumps, but the relative percentages are not yet clear (Morrison, et al., 2006; Kragl et al., 2009) . In planarian regeneration, stem cells (neoblasts) appear to be the sole cell origin of blastema (Tanaka and Reddien, 2011) . Previous studies regarding the tail regeneration of amphioxus proposed that satellite cells are one source of blastema, based on the expression of muscle stem cell marker gene pax3/7 in blastema (Somorjai et al., 2012a) . It is clear that the information currently available regarding the cell origin of blastema in tail regeneration is still quite limited. To address this question and other cellular events during the regeneration, effective cell labeling or tracing techniques must be developed in amphioxus.
In summary, our study highlights the cellular and molecular basis of tail regeneration in amphioxus via detailed morphological, molecular and transcriptome analyses, confirming that amphioxus tail regeneration is a vertebrate-like epimorphosis process.
The elucidation of BMP and BMP signaling pathway in regeneration provides a basis to address the function of genes during the tail regeneration in amphioxus. Generally, all the data provide new evidence for the ancestral nature of whole-body regeneration (Slack, 2017) . Our results and the previous works regarding regeneration in amphioxus will certainly promote future detailed studies on how amphioxus regenerates its tail.
MATERIALS AND METHODS
Animal collection, amputation and care
Amphioxus (Branchiostoma japonicum) were collected from the 'amphioxus ground' in the vicinity of Qingdao and cultured in tanks with aerated seawater under a natural light-dark period and at ambient temperature. The animals with body length of approximately 3 cm were collected and amputated with a razor blade at the level of approximately 1 millimeter posterior to the anus. After amputation, the animals were kept in a tank with running aerated seawater and fed with single-celled algae from the third day onward.
Morphological and histological observation
The regeneration of amputated tail was observed and photographed under an Olympus stereomicroscope (ZSX12) daily. The tail regenerates at different regeneration stages were collected and fixed in freshly prepared 4% paraformaldehyde in PBS. After that they were dehydrated in ethanol, embedded in paraffin and sectioned longitudinally at 8-μm thickness. The sections were stained with hematoxylin and eosin (Sigma-Aldrich) and photographed under a Zeiss microscope (AX10).
RNA isolation, Illumina paired-end-sequencing and de novo assembly
The intact tails and tail regenerates at different regeneration stages (cut at the level of the anus) were used for total RNA extraction with Trizol regent (Invitrogen, Carlsbad, CA). The mRNAs were enriched by magnetic beads combining the oligo (dT) and the purified mRNA fragmented by the addition of the fragmentation solution (100 mM ZnCl2 in 100 mM Tris-HCl, pH 7.0). The fragmented mRNA was reverse transcribed to the first strand cDNA with transcriptase (Invitrogen), random hexamers and dNTP.
The second strand of cDNA was prepared by the addition of the reaction buffer containing dNTPs, RNase H and DNA polymerase I. The cDNA fragments were then purified with a QiaQuick PCR extraction kit and subjected to the end repair process by the addition of a single 'A' base and the ligation of Illumina sequencing adapters. The ligation products were selected by agarose gel electrophoresis, amplified by PCR, and Development • Accepted manuscript sequenced using Illumina HiSeqTM 4000 by Gene Denovo Biotechnology Co.
(Guangzhou, China). Through a strict filtration (the reads containing adapters, the reads containing Ns and the low-quality reads were removed), the high quality clean reads were obtained and assembled in a de novo process using Trinity software, consisting of three software modules, Inchworm, Chrysalis, and Butterfly (Grabherr et al., 2011) . The reads were assembled into contigs by the Inchworm program, the minimum overlapping contigs were clustered into sets of connected components by the Chrysalis program, and then the transcripts were constructed by the Butterflyprogram. The longest transcript of each cluster was termed as "unigene" thereafter, and the unigene library for the species was established and employed in subsequent analysis. The coding regions of the ungenes were predicted by EMBOSS Getorf Software (http://emboss.bioinformatics.nl/cgi-bin/emboss/getorf).
Gene annotation
The unigene annotation was performed using local BLAST programs against NCBI non-redundant (nr) protein, Swiss-Prot/TrEMBL, Clusters of Orthologous Groups (COG/KOG), GeneOntology (GO) and Kyoto Encyclopedia of Genes and Genomes (KEGG) databases.
Identification of differentially expressed genes
The abundances of genes were calculated and normalized by RPKM (Reads Per kb per Million reads) method (Mortazavi et al., 2008) . To identify differentially expressed genes (DEGs) across groups, the edgeR package (http://www.r-project.org/) was used.
The gene with a fold change ≥ 2 and a false discovery rate (FDR) < 0.05 in a comparison was regarded as significantly differentially expressed. DEGs were then subjected to enrichment analysis of GO functions, COG/KOG and KEGG pathways.
TUNEL staining
To detect cell apoptosis during the tail regeneration, terminal deoxynucleotidyl transferase mediated dUTP nick-end labeling (TUNEL) staining was performed on the Development • Accepted manuscript sections of tail regenerates at the wound healing and blastema formation stages, respectively. The tail regenerates were collected at 5 and 20 days post amputation, fixed in 4% paraformaldehyde in PBS and their paraffin sections at 8 μm were prepared following the protocol described above. Using an in situ cell death detection POD kit (Roche, Penzberg, Germany), the sections were TUNEL stained in accordance with the manufacturer's instructions. In brief, the paraffin sections were dewaxed in xylene and permeabilized using Proteinase K (20 µg/ml) in 10 mM Tris-HCl for 10 min, followed by treatment with 0.3% H2O2 in methanol at room temperature for 10 min to quench endogenous peroxidase. After rinsing with PBS, the sections were incubated with converter-POD at 37°C for 30 min, and then reacted with 3-amino-9-ethylcarbazole (AEC). The sections were counterstained with Mayer's hematoxylin.
BrdU labeling
To detect the cell proliferation during the blastemal stage, 5-bromo-2-deoxyuridine (BrdU, Sigma) labeling was performed on the tail regenerates at 15 days postamputation. BrdU (20 μg/ml in PBS) was microinjected into the region of the blastema of tail regenerates under a stereomicroscope. The microinjection was performed twice with a 14-h time span. Total volume of the BrdU solution for injection was approximately 400-600 nl per animal. The tail regenerates were collected 4 h after the second microinjection and fixed with freshly prepared 4% paraformaldehyde. After thorough washing with PBS, the fixed tissues were immersed in 30 % sucrose in PBS at 4°C overnight, embedded with Tissue-tech and cryo-sectioned at a thickness of 12 μm. The sections were then rinsed with PBS, incubated in 2 N HCl at 37°C for 30 min to denature DNA, and neutralized in 0.1 M sodium borate for 15 min. The neutralized sections were incubated in 3% H2O2 at room temperature for 15 min to quench the endogenous peroxidase activity, and then with 5% goat serum to block nonspecific binding. Subsequently, the sections were incubated with the primary antibody mouse anti-BrdU antibody (Abcam) at a dilution of 1:100 at 4°C overnight. After washing four times with PBST, the sections were incubated with HRP-conjugated goat anti-mouse antibody (Promega) at a dilution of 1:400, reacted with DAB (3,3'-diaminobenzidine Development • Accepted manuscript tetrahydrochloride) in the presence of 0.03% H2O2, and counterstained with hematoxylin. The antibody in rabbit serum was purified with a HiTrap Protein G HP affinity purification column.
Expression, purification of BMP2/4 and antibody preparation
Gene knockdown by vivo-morpholinos
To knockdown the expression of BMP2/4 protein, the antisense vivo-morpholino (MO) oligonucleotides were designed and synthesized by Gene Tools, LLC (Philomath). The MO sequence was complementary to the 5′ sequence near the start of translation (atg), written from 5' to 3'GCAGCGATCTGTTACCAGGAATCAT. For control, a corresponding 5-mispair oligo (GaAGCcATCTcTTACCAcGAATaAT) for the MOs was designed. After the tail amputation, the MOs at a concentration of 15 μM were injected into the tissues on the wound site at approximately 1-1.5 μl per animal. The regeneration process was then observed at different time points.
Western blot
To confirm the efficiency of MOs knockdown, western blot was carried out on the regenerates at 3 days post-injection. The tail regenerates were collected and homogenized with ice-cold tissue lysis buffer (50 mM Tris-Cl, 150 mM NaCl, 1 mM Development • Accepted manuscript PMSF, pH 7.2), and centrifuged at 12,000×g at 4°C for 30 min. The supernatants were pooled and stored at -70°C until use. The protein concentration was determined by the Bradford method. The above samples of protein were prepared and run on a 12% sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) gel with a 4% spacer gel using the buffer system of Laemmli (1970) . The separated proteins on the gels were blotted on nitrocellulose membrane (Hybond, Amersham Pharmacia). After incubation with 3 % defatted dry milk in PBS at room temperature for 1.5 h, the membrane was incubated with rabbit anti-amphioxus BMP2/4 antibody diluted 1: 400 at 4°C overnight. After washing in 20 mM PBS, the membrane was incubated with the peroxidase-conjugated goat anti-rabbit IgG diluted 1:1,000 with PBS at room temperature for 45 min. Bands were visualized using 0.06% DAB in 50 mM Tris-HCl buffer (pH 7.6) and 0.03% H2O2.
Beads implantation
The blue Affi-gel beads (BioRad 153-7302 Bio-Rad, Hercules, CA, USA) with a size of 80-150 m (100-200 mesh) were used for the beads grafting experiment. The beads were washed repeatedly with PBS and then soaked in 10 μg/μl BMP antagonist mouse noggin (R&D system Minneapolis, MN, USA) in PBS at 4 o C overnight. Control beads were soaked in PBS or 0.1% bovine serum albumin in PBS. Beads grafting was carried out 2 h after tail amputation. After the amputation, a single bead that absorbed noggin was picked up by a glass needle used for microinjection and carefully inserted into the amputation wound site under a stereomicroscope. Usually, an animal was implanted with 2 to 4 beads. The grafted beads could be readily seen under a stereomicroscope.
After bead implantation, the tail regeneration process was checked at different time points.
Whole-mount in situ hybridization (WISH)
To examine the expression patterns of BMP signaling genes during the regeneration process, WISH was performed on the tail regenerates according to the method of in freshly prepared 4% PFA at 4°C overnight, dehydrated and then stored in 100% ethanol at 20°C. The tissues were permeabilized with 5 μg/ml proteinase K (New England BioLabs, Ipswich, MA) at 37°C for 15 min. Pre-hybridization was performed at 60 °C overnight. The PGM-T-easy vectors (Promega) containing target genes were linearized with NcoI or Xho I, and the sense and antisense probes were in vitro transcribed with T7 or SP6 RNA polymerase and digoxigenin RNA labeling mix (Roche Applied Science). Hybridization was performed at 60°C for 24 h. Alkalinephosphatase (AP) conjugated anti-digoxigenin antibody (Roche Applied Science) incubation, with a dilution of 1:2000, was conducted at 4°C overnight. The colorimetric alkaline-phosphatase reaction was developed with BCIP and NBT (Roche Applied Science).
in situ hybridization on tissue sections
To verify the expression patterns of bmp2/4, in situ hybridization was also conducted on tissue sections of tail regenerates. The sections were processed and hybridized as described by Fan et al. (2007) .
Quantitative real-time PCR (qRT-PCR)
qRT-PCR was performed to verify the mRNA levels of bmp2/4 at the different stages of tail regeneration. Total RNAs were isolated with Trizol (Roche Applied Science) from the tail regenerates at different stages. The single-stranded cDNAs were synthesized with the reverse transcription system (Takara) according to the instructions of the manufacture. Following the quantification of the cDNA templates, qRT-PCR was performed using Power SYBR Green PCR Master Mix (Takara) on an ABI 7500 realtime PCR system (Applied Biosystems, USA) as described previously (Wang and Zhang, 2011). Glyceraldehyde-3-phosphate dehydrogenase (GAPDH) was chosen as the internal reference for qRT-PCR standardization. Data were quantified using the 2 -ΔΔCT method based on CT values (Livak and Schmittgen, 2011). The primers employed in this study were as follows: GAPDH-Forward-GCCGATGTTCGTCATGGGTGTC, GAPDH-Reverse-GGTCTTCTGCGTGGCGGTGTA; BMP2/4-Forward-
Immunohistochemistry
To detail the distribution of BMP2/4 at the wound site, immunohistochemical staining was also conducted on the tissue sections of tail regenerates at wound healing stage.
The processing and immunostaining of the sections was conducted as described previously (Liang and Zhang, 2006) . The primary antibody was diluted 1:400 and the secondary antibody (HRP labeling goat anti-rabbit IgG) was diluted 1:600. Fig 1. Tail regeneration process in amphioxus.
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